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Word Retrieval Learning Modulates Right Frontal
Cortex in Patients with Left Frontal Damage
We have used patients with chronic left IFG damage
as an experimental model for understanding the neuro-
biology of language recovery after stroke. Acute damage
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to the left IFG and adjacent cortical (middle frontal gyrus,1Department of Neurology
insula, ventral motor cortex, anterior superior temporal2 Department of Radiology
gyrus) and subcortical white matter regions produces a3 Department of Anatomy and Neurobiology
clinical syndrome characterized by nonfluent, agram-Washington University School of Medicine
matic, telegraphic speech with relatively intact auditorySt. Louis, Missouri 63110
comprehension except for complex morphosyntactic
structures (Broca’s aphasia). Broca’s aphasia recovers
to different degrees, depending on the amount of dam-Summary
age to adjacent cortical and subcortical regions (Alexan-
der, 1997; Dronkers et al., 2000; Kertesz and McCabe,Previous studies have suggested that recovery or
1977). When the lesion is limited to the posterior left IFGcompensation of language function after a lesion in
(Broca’s area), patients resolve to a milder aphasia likethe left hemisphere may depend on mechanisms in
a transcortical motor or an anomic aphasia (Mohr et al.,the right hemisphere. However, a direct relationship
1978).between performance and right hemisphere activity
We studied patients with left IFG lesions using wordhas not been established. Here, we show that patients
retrieval tasks. Word retrieval in response to semanticwith left frontal lesions and partially recovered aphasia
or phonological cues robustly drives this part of thelearn, at a normal rate, a novel word retrieval task
brain and is specifically impaired by left-IFG damagethat requires the damaged cortex. Verbal learning is
(Rosen et al., 2000; Thompson-Schill et al., 1998). Thus,accompanied by specific response decrements in
regardless of the precise role it plays, left IFG cortex isright frontal and right occipital cortex, strongly sup-
necessary for normal word retrieval. The relevance ofporting the compensatory role of the right hemisphere.
these tasks to the study of frontal aphasia is supportedFurthermore, responses in left occipital cortex are ab-
by the anatomical overlap of regions of functional activa-normal and not modulated by practice. These findings
tion and regions of structural damage in aphasia (Alex-indicate that frontal cortex is a source of top-down
ander, 1997; Dronkers et al., 2000; Rosen et al., 2000). Insignals during learning.
addition, patients with Broca’s aphasia have problems in
both word fluency (Goodglass et al., 1964) and wordIntroduction
retrieval (Rosen et al., 2000; Thompson-Schill et al.,
1998). While these tasks probe only a fraction of theNeuroimaging studies have implicated the left prefrontal
complex behavioral impairment of patients with aphasia,
cortex in the retrieval of words from long-term memory
they represent a useful instrument to study behavioral
based on semantic or phonological cues presented by
and functional changes after frontal damage.
vision or audition (Buckner et al., 2000; Gabrieli et al., A long-held view is that language function after left
1996; Petersen et al., 1988; Price, 2000; Thompson- hemisphere injury depends on right hemisphere mecha-
Schill et al., 1999; Wise et al., 1991). Specifically, the nisms (Gowers, 1865; Wernicke, 1908). This was sug-
left inferior frontal gyrus (IFG) is commonly recruited in gested early on by the disruptive effects of strokes in
conjunction with lateral temporal and ventral occipito- the right hemisphere on recovered/residual language
temporal regions (Buckner et al., 2000; Thompson-Schill after a first left hemisphere stroke (Basso et al., 1989)
et al., 1999). Different hypotheses have been advanced and by the disruption of residual language after transient
concerning the role of left IFG regions in language pro- anesthesia of the right hemisphere with sodium amobar-
cessing. These frontal regions may be involved in se- bital in patients with left hemisphere lesions (Kins-
mantic processing (Gabrieli et al., 1996; Petersen and bourne, 1971). More recently, numerous neuroimaging
Fiez, 1993), a function traditionally associated with left studies have reported activation of homologous contra-
temporal cortex (De Renzi et al., 1987; Hodges and Gra- lateral cortex in partially recovered aphasic patients with
ham, 2001). Alternatively, they may play a role in re- frontal or temporal lesions (reviewed in Rijntjes and
sponse selection of lexical representations in temporal Weiller, 2002).
cortex (Thompson-Schill et al., 1999). Finally, these re- However, currently there is no direct physiological
gions may be involved in the transformation of sounds support for this hypothesis. It is unknown if right hemi-
into articulatory patterns (phonology-to-articulation) sphere activity recorded at the chronic stage in neuro-
(Blumstein, 1995). Left IFG contains multiple separate imaging studies is truly compensatory, merely reflects
functional regions that might be partially specialized for task difficulty or effort, or is just epiphenomenal. Some
these different functions (Buckner et al., 1995b; Pol- have suggested that right hemisphere activity is dys-
drack et al., 1999). functional and maladaptive (Belin et al., 1996; Karbe
et al., 1998). This is a tricky problem because overall
differences in task performance are always present be-4 Correspondence: mau@npg.wustl.edu
tween aphasics and controls and may always be invoked5 Present address: Neuroradiology Institute, HSR San Raffaele, Mi-
lano, Italy. to explain differences in the pattern of brain activation.
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Figure 1. Lesion Anatomy
(A) Individual subjects. All subjects sustained an ischemic stroke that included the posterior left inferior frontal gyrus (IFG) and operculum
(Broca’s area).
(B) Average lesion density. The color scale indicates number of patients contributing to the average lesion image. The underlying greyscale
image shows the average patient MP-RAGE.
Studies that have tried to correlate activity in right hemi- sponse decrements in left IFG and left occipito-temporal
cortex that are independent of the input modality (audi-sphere regions with behavioral performance yielded
conflicting results (Belin et al., 1996; Heiss et al., 1999; tory or visually, Buckner et al., 2000). Similar repetition
effects have been reported in semantic tasks (RaichleKarbe et al., 1998; Musso et al., 1999; Rosen et al., 2000),
and none of those experiments measured brain activity et al., 1994; Thompson-Schill et al., 1999).
Under the hypothesis that the right IFG is compensat-and behavior simultaneously.
We tackled this problem by hypothesizing that if the ing for processes carried out in left IFG, we predicted
that subjects with left IFG damage should still improveright IFG is part of a compensatory system after left
frontal damage, then it should manifest physiological their performance and that, correspondingly, activity in
right IFG should show physiological response decre-modulations of activity analogous to those observed in
the left IFG of the intact brain. When control subjects ments with practice. Conversely, if right IFG activity is
not compensatory, then subjects might not be able toare repeatedly exposed to the same list of word stems
and asked to generate a word in response to each stem, learn the task or learn it but show response decrements
elsewhere in the brain.vocal reaction times speed up over list repetitions and
selection of words become more stereotypical. These A second important issue addressed by this study is
the functional interaction between frontal cortex andbehavioral changes are accompanied by functional re-
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Table 1. Standardized Language Assessment in Frontal Patients
WAB P1 P4 P5 P6 P7 P8 BDAE P2 P3
Initial deficit Broca Broca Broca Global Global Global Mixed N/A
AQ 84.4 67.6 66.5 89 74 67 Aphasia severity 4
Classification TM TM TM Anomic Anomic Broca Anomic
Fluency 6 5 4 9 5 4 Fluency 8.67
Repetition 8.2 7.1 8.9 8.6 8.3 6.4 Repetition 7
Comprehension 10 6.7 9.45 10 8.8 8.15 Aud. Comp. 26.75
Naming 9 8 4.9 7.9 6.9 7.8 Naming 49.67
Abbreviations: WAB, Western Aphasia Battery; BDAE, Boston Diagnostic Aphasia Examination; P1–P8, patients 1–8; TM, transcordial motor.
Initial diagnosis was based on clinical assessment. Standardized assessments were performed at the time of testing. P3 was not formally
examined.
posterior cortical regions during learning. Response were analyzed with a 1-between (controls, patients),
1-within (block order, 1-7) random effect ANOVA.decrements during verbal learning have been observed
in a variety of posterior cortical regions in parallel to Compared to controls, patients were slower: vocal
reaction times (RTs) were 1417 ms in patients and 1121frontal changes (Buckner et al., 2000; Raichle et al.,
1994; Thompson-Schill et al., 1999). These posterior re- ms in controls, F(1,20)  6.59, p  0.02 (Figure 2A) and
less accurate (percent correct was 66% in patients andgions are normally recruited during processing of both
visual and auditory words and are thought to be part of 97% in controls, F(1,20) 41.26, p 0.0001(Figure 2B).
However, both groups learned at a similar rate as mea-a semantic network for words and object processing
(Alexander et al., 1989; Vandenberghe et al., 1996). One sured by an overall decrement in vocal RT with practice
[F(1,7) 10.85, p 0.0001] without a significant interac-possibility is that response decrements in posterior re-
gions during learning are independent of frontal influ- tion between groups [F(7,140)  1.82, p  ns]. Vocal
RTs decreased in patients from 1670 ms (first block) toence and are related to the repetition of stimuli. Stimulus
repetition is known to produce decrements in both neu- 1264 ms (seventh block) and in controls from 1364 ms
to 865 ms. Errors also decreased with practice [F(1,7)ronal activity and hemodynamic signals in occipito-tem-
poral cortex (Buckner et al., 1998; Miller et al., 1996). 16.73, p 0.0001], more so in patients than controls
[F(7,140) 5.67, p 0.0001]. In patients, the percentageThis bottom-up hypothesis predicts that a frontal lesion
should not influence responses and repetition effects of accurate responses went from 59% on the first block
to 73% on the seventh block. Controls were at ceilingin occipito-temporal cortex. Another possibility is that
frontal cortex interacts with occipito-temporal cortex with accurate responses from 95% to 99% (Figures 2A
and 2B).during learning. For example, frontal cortex might be
involved in the selection of information from posterior Another indicator of learning was the percentage of
stereotypical completions, i.e., the percentage of wordsrepresentations (Thompson-Schill et al., 1999). A frontal
lesion then would disrupt top-down processes and mod- repeatedly used to complete the same word stem across
blocks. Stereotypical completions increased over timeulation of posterior regions.
in both groups [F(5,5)  26.3, p  0.0001]. They were
higher in controls (mean77%) than in patients (meanResults
57%) [F(1,19)  6.48, p  0.02], but the rate of increase
across blocks was similar, as indicated by a nonsignifi-Fourteen age-matched controls and eight patients with
a stroke centered in left IFG cortex near/at Broca’s area cant interaction group-by-block order effect [F(5,95) 
0.30, p  ns]. Patients generated the same words onat least 6 months prior (Figure 1) participated in the
study. All patients were initially severely aphasic, but 46% of the trials at the beginning of learning (block 2
versus 1) and on 64% of the trials at the end of practicehad recovered to a mild-to-moderate Broca’s or anomic
aphasia at the time of the experiment based on a stan- (block 7 versus 6). Controls generated the same words
on 65.5% (block 2 versus 1) and on 85.5% (block 7dardized language assessment. All patients were im-
paired on measures of verbal fluency and word genera- versus 6) of the trials, respectively. Finally, learning was
item specific because performance returned to baselinetion (Table 1).
The study consisted of two parts, a behavioral and levels when a novel list of word stems was introduced
(Figures 2A and 2B).an fMRI session during which subjects were asked to
perform a word stem completion task. Subjects were In functional magnetic resonance imaging (fMRI), sub-
jects silently performed word stem completion duringshown 3-letter visual word stems (e.g., “COU”) on a
computer screen and asked to generate a word begin- whole-brain measurement of blood oxygen level depen-
dent (BOLD) signal. One set of word stems was pre-ning with the same three letters (e.g., “couple”) as
quickly and accurately as possible. During the behav- sented over four consecutive (practice) fMRI runs; novel
sets of word stems were presented in four additionalioral session subjects practiced the word stem comple-
tion on the same 40 stimuli list of word stems for seven runs (Figures 2C and 2D). To ensure that learning oc-
curred in the covert condition, we measured (with theconsecutive blocks. The order of presentation of the
word stem was randomized in each block. On the eighth scanner off) overt performance before and after the
practice fMRI runs. Patients were again slower [F(1,20)block they were presented with a new list of words to
verify that learning was item specific. Behavioral data 10.77, p  0.004] and less accurate [F(1,20)  33.67,
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Figure 2. Subjects’ Performance on the Word Stem Completion Task
Behavioral session (A and B). Vocal RTs (A) and mean accuracy (B) for controls (striped) and patients (black). Abbreviations: New, new list of
word stems; Rep, repeated lists of word stems. fMRI session (C and D).
p0.0001] than controls. Both groups showed improve- etal regions generally thought to mediate visual analysis.
Controls also activated multiple frontal regions includingment with practice (RTs [F(1,1)  13.37, p  0.002];
errors [F(1,1)  3.29, p  ns]), again without significant the dorsal (BA 44/6) and the ventral portion of the IFG
extending into the operculum (BA 44-45), SMA, and an-interaction between groups [(group-by-block order: RTs
F(1,20)  2.13, p  ns; errors F(1,20)  0.015, p  ns) terior cingulate cortex. Frontal activations were stronger
and larger in the left hemisphere (Figure 3, top). These(Figures 2C and 2D)].
Figure 3 shows the group-average functional anatomy results confirm previous studies (Buckner et al., 2000,
1995a; Desmond et al., 1998; Ojemann et al., 1998).of the word stem completion task in controls and pa-
tients. Controls bilaterally activated occipital and pari- The patients activated a similar cortical network ex-
Figure 3. Functional Anatomy of Word Stem Completion in Controls and Patients
F map transformed to Z map (color scale in z values) corrected for multiple comparisons. The statistical maps show regions of BOLD signal
change during word stem completion, independently of practice. Averaged functional data are coregistered with averaged anatomical MRI
scans in each group. Black arrow, lack of activation in lesion. Red arrow, decrease activation in left dorsal occipital cortex in patients with
left frontal lesion.
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Figure 4. Differential BOLD Response during Word Stem Completion in Controls and Patients
F map transformed to Z map (color scale in z values), interaction of group (controls, patients)  MR frame. Slices are the same as in Figure
3. Red arrow indicates regions in which magnitude of BOLD signal was higher in controls than patients. Blue arrow indicates regions in which
magnitude of BOLD signal was higher in patients than controls. Graphics show average BOLD timecourse for novel items timelocked to
stimulus onset in the left and right dorsal IFG (z  32) cortex. Y axis, percent signal change; X axis, time in seconds.
cept for three major differences (Figure 3, bottom). First, were not modulated by practice. These results confirm
previous work using block designs (Buckner et al., 2000;there was no significant activation in correspondence
of the lesion or in the underlying basal ganglia and thala- Raichle et al., 1994).
In patients, practice-related decrements were largelymus (black arrow). Second, the activation of left striate
and dorsal exstrastriate cortex ipsilateral to the lesion confined to the right hemisphere, specifically to the right
dorsal IFG, right fusiform cortex (Figure 5B), and rightwas depressed (red arrow). Third, right frontal cortex
was more strongly activated in patients than in controls lateral occipital cortex. Importantly, these modulations
were significantly stronger in the patient than the control(Figure 4). This qualitative impression was confirmed by
the results of voxel-wise and regional group (controls, group (1-between (controls, patients), 1-within (novel,
repeat) regional ANOVA: right dorsal IFG, F(1,20) 5.41,patients)  MR frame (1–8) ANOVAs. This analysis for-
mally showed that several left frontal cortex (dorsal IFG, p  0.031; right anterior fusiform, F(1,20)  4.98, p 
0.038) (Figures 5A and 5B). These findings were con-x, y, z45,1, 40, F(7,140) 7.90, p 0.0001; ventral
IFG, x, y, z  47, 3, 32, F(7,140)  7.71, p  0.0001; firmed by a voxel-wise ANOVA on group (controls, pa-
tients), practice (novel, repeat), and MR frame (1–8). Asfrontal operculum, x, y, z  47, 11, 4, F(7,140)  7.29,
p  0.0001) were more active in the control group, in controls, regions near primary visual cortex (e.g. right
lingual gyrus) were not modulated by practice.whereas right frontal cortex (middle frontal gyrus, x, y,
z  33, 27, 22, F(7,140)  8.39 p  0.0001; dorsal IFG, Furthermore, in marked contrast to control subjects,
no practice-related modulation was observed in the leftx, y, z  51, 1, 34, F(97,140)  4.17, p  0.001; anterior
insula/frontal operculum, x, y, z  27, 9, 14, F(7,140)  fusiform cortex ipsilateral to the lesion, an area that
has been consistently associated with word retrieval4.89, p  0.0001; ventral IFG, x, y, z  41, 17, 18,
F(7,140)  6.00, p  0.0001; Precentral, x, y, z  47, learning and priming for both visual and auditory words
(Buckner et al., 2000). In this region, the magnitude of7, 54, F(7,140)  7.13, p  0.0001) was more active in
the patient group (Figure 4). Hence, functional changes the BOLD response was almost twice as strong as in
controls, but it was not modulated by practice (comparefollowing left frontal damage include both an increased
activation in contralateral frontal cortex and a reduction left fusiform BOLD response in controls and patient,
Figures 5A and 5B). Hence, left frontal damage causesof activation in ipsilateral visual cortex.
Practice on word retrieval modulated BOLD re- both a relative deactivation of ipsilateral left dorsal visual
cortex and an abnormally high nonselective activationsponses in several cortical areas in both control and
aphasic subjects. In control subjects, practice-related of left ventral occipital (fusiform) cortex.
It was also possible to image practice-related decre-decrements were observed in left prefrontal cortex (dor-
sal IFG) (Figure 5A), bilateral extrastriate visual cortex ments in single subjects (Figure 6). Practice-related dec-
rements in right IFG occurred in all patients with larger(fusiform and lateral occipital complex) (Figure 5A), right
middle frontal gyrus, SMA, and right lateral cerebellum frontal lesions and exclusive activation on the right dur-
ing word retrieval (patients P4–P8) (Figure 6). In those(Table 2 for complete list). Importantly, no decrement
was observed in right prefrontal cortex (dorsal IFG, p  patients with smaller lesions and both perilesional and
right IFG activity (patients P1–P3), decrements were bi-0.12, and ventral IFG, p 0.59) (Figure 5A). Regions near
primary visual cortex (e.g., right lingual gyrus) showed lateral (Figure 6). It was not possible to determine
whether the strength of practice-related modulation insimilar responses to novel and repeated stimuli, i.e.,
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Figure 5. Practice-Related BOLD Modula-
tion in Frontal and Occipital Cortex in Con-
trols and Patients
F maps transformed to Z maps (color scale in
z values) corrected for multiple comparisons,
main effect of MR frame. Selected slices
through frontal (IFG, z  32) and occipital
(fusiform, z  8) cortex. Graphics show av-
erage BOLD time course for novel and repeat
items timelocked to stimulus onset. Y axis,
percent signal change; X axis, time in
seconds.
right IFG and perilesional left IFG correlated with the Reactions times were also not significantly different
(with: 1365 versus 1503 ms, t  0.65, p  ns).size of the left frontal lesion because of low statistical
power.
Interestingly, the patients (P1–P3) with perilesional ac- Discussion
tivation (and smaller lesions) performed better overall
on word stem completion. 1-between (patients with [P1– Word Retrieval Learning in Left Frontal Patients
In this study, we show that aphasic patients with chronicP3] and without [P4–P8] perilesional activity) 1-within
(block order, 1–7) ANOVAs on accuracy or stereotypical structural damage of left IFG cortex and surrounding
tissue learn novel associations between word stems andresponses showed that mean accuracy (83% versus
55.5%, F(1,5) 8.00, p 0.037) and frequency of stereo- words at a fairly normal rate. Learning was manifested
as a decrease of errors and vocal RTs on correct trialstypical completions (75% versus 44%, F(1,5)  7.70,
p  0.039) were higher in patients with than in those in both behavioral and fMRI session and as an increase
in the number of stereotypical completions over time.without perilesional activity. However, the rate of learn-
ing was comparable in the two groups. There was no The rate of decrement for RTs was similar in patients
and controls in both behavioral and fMRI session. Verbalsignificant interaction of patients with/without-by-block
order on either measure [errors, F(6,30)  1.52, p  stereotypies also increased in both groups at a similar
rate. Errors decreased more in patients than controls inns; stereotypical responses, F(5,25)  0.839, p  ns].
Word Retrieval and Frontal Cortex Recovery
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Table 2. Anatomical Regions with a Significant Practice Effect (Novel  Repeat Items) in Controls and Patients
Controls
Region X Y Z Peak Z Score Novel versus Repeat P Value
L dorsal IFG 45 3 38 5.98 0.002
L ventral IFG 29 15 6 4.99 0.06
R MFG 41 27 20 4.91 0.001
L anterior fusiform 37 53 18 7.22 0.02
R anterior fusiform 33 47 18 6.06 0.02
R posterior fusiform 39 69 10 6.81 0.002
R lateral occipital 23 89 4 7.04 0.02
R lateral cerebellum 47 55 28 3.36 0.0002
L SMA 5 5 58 6.26 0.03
L Frontal Patients
Region X Y Z Peak Z Score Novel versus Repeat P Value
R dorsal IFG 43 11 34 4.25 0.01
R posterior fusiform 37 65 8 5.12 0.04
R lateral occipital 25 87 2 5.84 0.001
R lingual 13 95 10 5.15 0.04
L MTG 47 69 4 5.46 0.03
Anatomical name; x, y, z refer to Talairach atlas coordinates. Peak voxel z score on voxel-wise ANOVA (main effect: MR frame) assessing
reliable activation during word stem completion. P value refers to significant interaction in regional ANOVA, MR frame  item (novel versus
repeat), assessing reliable practice effect. Abbreviations: IFG, inferior frontal gyrus; MFG, middle frontal gyrus; SMA, supplementary motor
area; MTG, middle temporal gyrus.
the behavioral session (but not in the fMRI session), but results is the nature and stage of processing at which
this form of learning occurs. Is the association betweenthis can be explained by the high accuracy of controls.
That patients and controls exhibited comparable RT a visual word stem and the retrieval of a single word a
form of visuomotor learning, or does it depend on lin-decrements and change in the number of stereotypies
with practice is significant given that word learning is guistic mechanisms? Does learning occur at the stage
of stimulus analysis, lexical retrieval, or response selec-generally thought to depend on the left IFG (Buckner
et al., 2000; Raichle et al., 1994; Rosen et al., 2000; tion? These questions are closely related to the normal
contribution of left IFG to word retrieval and the interpre-Thompson-Schill et al., 1998). Our data suggest that
patients use alternative brain pathways and possibly tation of physiological response decrements in this part
of cortex during word retrieval learning.processing strategies to learn a novel verbal task.
A critical issue for the interpretation of the imaging The best available evidence indicates that left IFG
Figure 6. Practice-Related BOLD Modulation in Single Patients
F maps transformed to Z maps (color scale in z values) corrected for multiple comparisons, main effect of MR frame. Selected slices through
frontal cortex (IFG, z  30). Graphics show average BOLD time course for novel and repeat items timelocked to stimulus onset. Y axis: percent
signal change; X axis, time in seconds. P6 with large frontal stroke activates exclusively the right IFG in which novel items produce stronger
activation then repeat items. P3 with smaller more ventral lesion (not shown) activates both left and right IFG, and practice-related decrements
are bilateral.
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cortex is important for the selection of responses from tion. The response modulation is specific because it
occurred only in the aphasic group with left frontal dam-competing lexical information, presumably stored pos-
age. No practice-related decrements were observed interiorly in temporal cortex (Thompson-Schill et al., 1999).
right frontal cortex in the control group. Moreover, whenLeft IFG cortex is recruited during both semantically
response decrements in right frontal cortex were directlycued and phonologically cued word retrieval tasks
compared between groups, they were significantly(Buckner et al., 2000, 1995a; Gabrieli et al., 1996; Pe-
stronger in patients.tersen et al., 1988; Price, 2000; Thompson-Schill et al.,
It is unlikely that response decrements in right frontal1999; Wise et al., 1991), and its damage causes deficits
cortex reflect less task difficulty or effort. These explana-on these tasks (Rosen et al., 2000; Thompson-Schill et
tions would predict a uniform decrease of activational., 1998). More specifically, left IFG-damaged subjects
throughout the brain. Rather, these modulations wereseem unable to inhibit competing lexical items during
localized to right frontal and occipital regions. Moreover,word retrieval (Buckner et al., 1996; Thompson-Schill et
the specific pattern of modulation in the occipital lobeal., 1998). Accordingly, left IFG cortex responds more
strongly argues against this possibility (see below). Fi-strongly under conditions of increased competition be-
nally, patients clearly found the task difficult even aftertween possibly retrieved items (Desmond et al., 1998;
repeated practice as indicated by high error rates andThompson-Schill et al., 1999).
slow reaction times, which never reached control values.The need for response selection, however, decreases
The response decrement in right frontal cortex resem-with practice. Learning of word stem completion and
bles the normal modulation induced by word retrievalsimilar tasks is currently conceptualized in the theoreti-
practice in the left frontal cortex. Since the left frontalcal framework of repetition priming (Tulving and
cortex is critical for normal performance of word re-Schacter, 1990). Repetition of the same inputs, retrieval,
trieval, the present findings imply that activity in rightand output processes facilitates processing speed and
frontal cortex correlates with, and likely mediates, thestrengthens stimulus-response association while con-
performance improvement after left frontal cortex dam-currently decreasing the amount of evoked neural activ-
age. It also suggests that this activity compensates fority that becomes more selective and spatially confined
the absence of left frontal cortex. These mechanisms(Rainer and Miller, 2000). Hence, response decrements
may not be operative in controls in whom practice mainlyin left prefrontal cortex may underlie either an increased
modulates the left frontal lobe.efficiency of retrieval (semantic, phonological) pro-
In addition, the degree of BOLD response attenuationcesses (Gabrieli et al., 1998; Petersen and Fiez, 1993;
in right frontal cortex of patients was significantlyRaichle et al., 1994), or a decreased need of selection
stronger than that observed in the left frontal cortex ofas the competition between alternative responses de-
controls. Similarly, the average response of right frontalcreases with practice (Thompson-Schill et al., 1999).
cortex during word stem completion was significantlyIn the absence of a critical cortical module for re-
stronger than in controls. Such abnormal activation ofsponse selection of lexical items, practice still induced
homologous right frontal regions after left frontal dam-normal behavioral improvement. As this form of learning
age has been now replicated in three separate studiesrequires the selection and retrieval of lexical information
(Buckner et al., 1996; Rosen et al., 2000, and this study).and not just the association of a visual stimulus with a
In Rosen et al., we proposed that this enhanced activa-motor response, then the implication is that compensa-
tion might reflect the loss of inhibitory or competitivetory brain pathways modulated by practice are also in-
mechanisms that normally regulate the level of activa-volved in lexical operations.
tion in homologous cortical regions. A study by Konishi
et al. (2001) found that left and right frontal regions are
Frontal Mechanisms initially both recruited during word retrieval, but that over
In two previous reports, we showed that patients with time activity on the right side decreases while activity
left frontal damage centered on the IFG activate, to an on the left side remains elevated. It is possible, in the
abnormally high degree, homologous regions in right absence of left frontal cortex, that lack of competitive
frontal cortex (dorsal and ventral IFG) during word stem interaction between hemispheres produces an abnor-
completion (Buckner et al., 1996; Rosen et al., 2000). mal level of activation and abnormal practice-related
However, no correlation was established between ver- modulation in right frontal cortex. The idea of reciprocal
bal performance and activity in right IFG (Buckner et al., regulation of activity in homologous cortical regions is
1996; Rosen et al., 2000). Hence, it was difficult to decide not novel; it has been proposed by theories addressing
whether activity in right frontal cortex was compensa- the functional roles of the callosal connections (Gazza-
tory or just epiphenomenal, reflecting factors such as niga, 1970) and the behavioral competition between
effort or task difficulty or recruitment of ineffective hemispheres (Kinsbourne, 1977).
mechanisms. This limitation, we believe, is common to The switch of practice-related modulations from the
all published studies of aphasia recovery. Conflicting left to the right frontal cortex in patients with left frontal
results have been obtained by correlating neuropsycho- lesions may reflect a variety of mechanisms. One possi-
logical results with functional imaging data (Belin et al., bility is that activity in right frontal cortex reflects the
1996; Heiss et al., 1999; Karbe et al., 1998; Musso et al., recruitment of a novel pathway created by neural plastic-
1999; Rosen et al., 2000), and no prior experiment has ity (e.g., by growth of new synapses) that allows this
correlated behavior during fMRI and brain activity. system to take over the set of functions originally local-
The novel finding here is that compensatory activity ized in the left IFG. This possibility is unlikely for several
in right frontal cortex (dorsal IFG) decreases as perfor- reasons. Enhanced right-IFG responses have been ob-
served acutely (within 24 hr) (Thulborn et al., 1999) andmance improves during learning of word stem comple-
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subacutely (within 3 weeks) (Leitner et al., 2001, Soc. lation in right visual cortex should have not changed.
These considerations strongly argue against a purelyNeurosci. Abstr.; Rosen et al., 1998, Soc. Neurosci.
Abstr.) after the onset of a left stroke. Such rapid adjust- bottom-up stimulus-driven mechanism.
The most conservative interpretation is that practice-ments are inconsistent with the growth of new anatomic
pathways. related decrements in visual cortex depend on the in-
tegrity of frontal-occipital connections, which conveyAnother hypothesis, which we prefer, is a switch in
processing strategies. For example, patients may have top-down signals from frontal cortex. Top-down frontal
processes may be related to the selection of relevantswitched from a semantic-phonological strategy to a
more visual (orthographic) strategy. Performance stud- words and/or the suppression of competing lexical
items. In the absence of left frontal cortex, selectivity isies in normal (Balota, 1994) and split-brain subjects
(Gazzaniga, 1983; Zaidel and Peters, 1981) as well as lost in left occipital cortex. This interpretation is consis-
tent with the attenuation of word-related potentialsfMRI studies in normal volunteers (Brewer et al., 1998;
Courtney et al., 1996; Kelley et al., 1998; Wagner et al., (N170) during lexical decision or word recognition in
patients with frontal cortex damage (Swick and Kinght,1998) have demonstrated a differential sensitivity of the
two hemispheres to these different lexical codes. Spe- 1998). It is also consistent with combined lesion and
single unit experiments in monkey that show neural acti-cifically, left and right dorsal IFG regions that are identi-
cal to those recruited during word stem completion and vation in infero-temporal cortex by top-down signals
from frontal cortex conveying information on semanticshow compensatory activity in patients can be tightly
regulated by stimulus materials in certain tasks. Left categorization during visual stimulus–stimulus associa-
tion (Tomita et al., 1999).frontal responses predominate during the encoding of
words; right frontal responses predominate during the
encoding of non-nameable faces; but, bilateral re- Implication for Recovery of Language after Stroke
sponses occur during encoding of nameable objects The association between word retrieval learning and
(Kelley et al., 1998). Thus, it is possible that a visual the modulation of compensatory right frontal-occipital
strategy may allow normal learning despite a lower over- networks strongly suggests that right hemisphere mech-
all performance due to the disruption of semantic-pho- anisms are task relevant at the chronic stage after left
nological processors in the left prefrontal cortex. IFG damage and are amenable to change through prac-
tice. This conclusion is consistent with the observation
that a second stroke in the right hemisphere abolishesOccipital Mechanisms
Another important result of this study is the demonstra- whatever language has recovered following a first left
hemisphere stroke (Basso et al., 1989; Cappa and Vallar,tion that the integrity of frontal cortex is critical for nor-
mal response of visual cortex. Left frontal damage 1992). It is also consistent with a study by Musso et al.
(1999) in chronic aphasics with lesions of the left poste-caused a reduction of normal activation in dorsal extra-
striate regions as well as abnormally high activity in left rior superior temporal gyrus. They reported a positive
correlation between blood flow in right posterior supe-ventral extrastriate regions with a disruption of learning-
related response decrements. In addition, left frontal rior temporal gyrus and improvement in auditory com-
prehension (measured outside the scanner) induced bydamage induced stronger than normal response decre-
ment with practice in right occipital cortex that matched specific training. Finally, Leff et al. (2002) found a para-
metric response increment to word stimuli in homolo-the modulation in right frontal cortex. Thus, left frontal
damage produced specific changes in both ipsilesional gous right temporal cortex after left temporal infarction.
While these results point to right hemisphere mecha-occipital cortex and contralesional frontal and occipital
cortex. nisms, other studies suggest a role of left hemisphere
regions in language recovery. Heiss and colleaguesDisruption of neural activity in left occipital cortex
cannot be explained by decreased sensory respon- (1999) reported, in a longitudinal study of frontal/subcor-
tical patients, that recovery on auditory comprehensionsiveness to the visual stimuli. None of the patients had
a visual field cut or damage of the optic pathways by (measured outside of the scanner) positively correlates
with restoration of activity in left temporal cortex. Inanatomical MRI. Also, the stimuli generated abnormally
strong nonselective activation of left fusiform cortex. another study, restoration of left temporal activity was
found to be inversely correlated with activation in rightThis latter effect is reminiscent of the effect of frontal
lesions on primary auditory and somatosensory evoked temporal cortex (Karbe et al., 1998).
In this study, we found several subjects (P1–P3) withpotentials (Knight et al., 1989; Yamaguchi and Knight,
1990). These electrical potentials are abnormally high in small lesions and evidence of perilesional activation
near the left frontal stroke. These patients had the high-sensory cortices in the presence of ipsilateral frontal
damage and may reflect the loss of a frontal inhibitory est overall performance on word stem completion. In
our previous study, we also found that two patients withgating mechanism.
Also, practice-related modulations in visual cortex the best language recovery and performance on word
retrieval also had the smallest lesions and activatedcannot be explained by pure perceptual priming due to
repeated presentation of the same visual items (Buckner tissue near the lesion in left frontal cortex (Rosen et
al., 2000). Therefore, it appears that the presence ofet al., 1998; Miller and Desimone, 1994). If response
decrements during word stem completion were purely perilesional activity (and small lesions) at the chronic
stage qualitatively correlates with excellent recoverydue to stimulus repetition, then activity in left occipital
cortex should have not been influenced by ipsilateral and high word retrieval performance.
In conclusion, the available evidence indicates a rolefrontal damage. Analogously, the strength of the modu-
Neuron
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to compute voxel-level or regional ANOVAs using a random-effectfor both activation of homologous contralesional cortex
model. F maps at the voxel-wise level were corrected for multipleand restoration of activity of left hemisphere regions
comparisons using a Monte-Carlo based threshold, and converted(perilesionally and at distance) as viable mechanisms
to equivalent Z statistics. Regions of interest (ROI) were selected
for language recovery. The compensatory activity in the on the multiple comparison corrected image by including for each
right hemisphere may reflect a switch in strategy or a region all voxels above the significant threshold (z  3 at cluster
size of 45 voxels). Group differences in the BOLD signal during wordreweighting of activity within bilateral networks that are
stem completion was analyzed with a group (controls, patients) left lateralized in the intact brain. An important contribu-
MR frame (frames 1–8) voxel-wise ANOVA on novel stimuli onlytion of this study is to show that compensatory pathways
(fMRI runs 1, 6, 7, 8). In each group, the effect of practice wasare amenable to plasticity through learning. This is an
evaluated with items (novel, repeat)  MR frame (frames 1–8) re-
important physiological principle with implications for gional ANOVAs on novel items (scans 1, 6, 7, and 8) and on repeated
rehabilitative and pharmacological approaches to the items in the last scan (scan 5). In each group the regions of interest
(ROIs) were selected on the voxel-wise main effect (MR frame) multi-treatment of stroke.
ple comparison-corrected F image. This image identifies all signifi-
cant regions of signal change independently of practice. To compareExperimental Procedures
the effect of practice between groups, we used group (controls,
patients)  item (novel, repeat)  MR frame (frames 1–8) regionalSubjects
ANOVAs on time courses extracted from those few ROIs showing14 control subjects (6 male), mean age 38.7, and 8 patients (2 male),
a significant practice effect in each group. Since this analysis couldmean age 48.6, participated in the study. Informed consent was
be potentially biased by the selection of regions in each group,obtained from each subject following local Institutional Review
we also ran a voxel-wise 1-between: group (controls, patients) Board (IRB) guidelines. All participants were strongly right handed
2-within: practice (novel, repeat)MR frame (1–8), which was unbi-as measured by the Edinburgh handedness inventory and had nor-
ased by the selection of the region.mal or corrected-to-normal visual acuity. Inclusion criteria were: (1)
For Figure 1, each patient’s lesion extent was manually segmenteda single left hemisphere vascular lesion involving the left inferior
(using Analyze and AVW 4.0 [Mayo Foundation for Medical Educa-frontal gyrus and operculum, with possible extension to neighboring
tion and Research, Rochester, MN]) and represented in all or nonecortex and white matter and (2) an interval of at least 6 months since
fashion after atlas transformation of the T1 weighted (MP-RAGE)the acute event. Exclusion criteria were: (1) any other lesion on CT
anatomical data.or MRI of the brain, except for small subcortical lacunes (up to two
were allowed), (2) stenosis greater than 50% of the lumen of the
internal carotid artery by Doppler ultrasonography or cerebral angi- Acknowledgments
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